The fusogenic envelope glycoprotein G of the rhabdovirus vesicular stomatitis virus (VSV) induces membrane fusion at acidic pH. At acidic pH the G protein undergoes a major structural reorganization leading to the fusogenic conformation. However, unlike other viral fusion proteins, the low-pH-induced conformational change of VSV G is completely reversible. As well, the presence of an ␣-helical coiled-coil motif required for fusion by a number of viral and cellular fusion proteins was not predicted in VSV G protein by using a number of algorithms. Results of pH dependence of the thermal stability of G protein as determined by intrinsic Trp fluorescence and circular dichroism (CD) spectroscopy show that the G protein is equally stable at neutral or acidic pH. Destabilization of G structure at neutral pH with either heat or urea did not induce membrane fusion or conformational change(s) leading to membrane fusion. Taken together, these data suggest that the mechanism of VSV G-induced fusion is distinct from the fusion mechanism of fusion proteins that involve a coiled-coil motif.
Introduction
Enveloped animal viruses enter the host cell by fusion of the viral membrane with the cellular membranes. The fusion of the two membranes is mediated by the viral envelope glycoprotein. A number of viruses such as paramyxoviruses and retroviruses, including the human immunodeficiency virus, fuse directly at the cell surface at neutral pH. In contrast, viruses, such as orthomyxo-, alpha-, and rhabdoviruses are initially internalized by receptor-mediated endocytosis and then fuse with the endosomal membranes via a low-pH-mediated fusion reaction (Hernandez et al., 1996; White, 1992) . Fusion of the cellular and viral membrane mediated by the viral envelope glycoprotein requires conformational changes involving major structural reorganization. The conformational change(s) necessary for converting the nonfusogenic protein into the fusogenic conformation is triggered either by interaction with cellular receptor(s) at the cell surface or by the acidic pH of the endosomes (Eckert and Kim, 2001; Gaudin, 2000; Gaudin et al., 1995; Hughson, 1995 Hughson, , 1997 Wiley, 1998, 2000; Skehel et al., 1995; Weissenhorn et al., 1999) .
The spike glycoprotein hemagglutinin (HA) of influenza virus, a member of the orthomyxovirus family, has been most extensively studied to understand the mechanism involved in membrane fusion. The crystal structure of HA was determined both in the neutral (prefusogenic) and in acid pH (fusogenic) forms (Bullough et al., 1994; Wilson et al., 1981) . A crystal structure was also determined for uncleaved HA precursor (Chen et al., 1998) . A dramatic irreversible structural reorganization of the molecule is triggered during fusion activation at low pH. Fusion activation at acid pH results in the release of the fusion peptide that is buried inside the trimer interface at neutral pH and positioning it at the N-terminal tip of a newly formed coiled coil which is extended by 100 Å to reach the target membrane. In addition, an ␣-helical region at the carboxy terminus of the coiled-coil segment is refolded into a 180°turn such that the ectodomain of HA containing the membrane anchor sequence is folded back to form a rod-shaped molecule containing both the fusion peptide and the membrane anchor at the same end (Bullough et al., 1994; Carr and Kim, 1993; Hughson, 1995; Skehel and Wiley, 1998) . At neutral pH HA is nonfusogenic. However, the native form of HA can be converted to a fusogenic form at neutral pH by perturbants such as heat or urea, suggesting that at neutral pH HA is in a metastable state (Carr et al., 1997; Ruigrok et al., 1986) . Similar activation of fusion at elevated temperature was also observed for paramyxoviruses (Paterson et al., 2000; Wharton et al., 2000) . Structural studies of the fusion proteins of enveloped viruses belonging to retroviruses including human immunodeficiency virus 1 (HIV 1) Weissenhorn et al., 1997) , simian immunodeficiency virus (SIV) , Moloney murine leukemia virus (MLV) (Fass et al., 1996) ; paramyxovirus, SV5 (Baker et al., 1999) , and human respiratory syncytial virus (Zhao et al., 2000) ; and filovirus, Ebola (Weissenhorn et al., 1998) , suggest that similar to the HA protein of influenza virus a number of diverse viral fusion proteins also use coiled-coil structures for membrane fusion (Hughson, 1997; Skehel and Wiley, 1998; Weissenhorn, 1999 ). Viral fusion proteins using this type of mechanism are classified as class I fusion proteins (Lescar et al., 2001) .
Studies with flavivirus and alphavirus fusion proteins identified a separate class of viral fusion proteins (class II) (Gibbons et al., 2000; Heinz and Allison, 2001 ; Lescar et al., 2001; Rey et al., 1995; Stiasny et al., 2001 ). Class II viral-fusion proteins are activated irreversibly by low pH and are not proteolytically cleaved from a precursor but need to be associated with a second spike protein whose cleavage is required for fusion. They contain an internal fusion peptide and are not predicted to form coiled-coils. X-ray structural analyses of two class II proteins, the E protein of the flavivirus tick-borne encephalitis (TBE) virus (Rey et al., 1995) and the E1 protein of the alphavirus Semliki Forest virus (SFV) (Lescar et al., 2001 ) have shown that both of these have very similar structures, which are different from the structure of class I fusion proteins, exemplified by influenza virus HA protein (Bullough et al., 1994; Wilson et al., 1981) .
Vesicular stomatitis virus (VSV) belongs to the vesiculovirinae genera of the rhabdoviridae family. The single envelope glycoprotein G of VSV plays an essential role in virus infection. Initial interaction between VSV and the target cell occurs by binding of the G protein to the cellular receptor phosphatidylserine present at the cell surface (Wagner and Rose, 1996; Schlegel et al., 1983 ). The attached virus is then endocytosed and delivered to the endosome. The acid pH of the endosomal compartment triggers fusion of the viral membrane with the endosomal membrane mediated by the G protein to release the VSV nucleocapsid. Cells infected with VSV express G protein at the cell surface and exposure of the cells expressing G protein to low pH results in cell-cell fusion leading to polykaryon formation (White et al., 1981) . Expression of G protein in cells transfected with a cloned G gene further showed that the G protein alone was sufficient for acid-pHinduced cell fusion (Florkiewicz and Rose, 1984; Reidel et al., 1984) . VSV G protein is a transmembrane glycoprotein containing a cleaved N-terminal signal peptide and a single membrane anchor at the carboxy terminus (Rose and Gallione, 1981; Coll, 1995a) . Like other viral envelope proteins it forms a trimer which is, however, stable only at low pH (Kreis and Lodish, 1986; Doms et al., 1987) . Studies using the soluble ectodomain of VSV G showed that exposure to acid pH triggers a conformational change involving increased exposure of a hydrophobic region. However, the observed conformational change was reversible (Crimmins et al., 1983) . Recent biophysical studies with isolated G protein confirmed that the low-pH-induced conformational changes involve major structural reorganization (Carneiro et al., 2001 ). Kinetics of VSVmediated cell fusion at low pH further showed that VSV G can exist in different conformational forms and that the conformational change from the nonfusogenic to the fusogenic form was reversible (Clague et al., 1990; Puri et al., 1988 Puri et al., , 1992 Gaudin, 2000) . Studies with the G glycoprotein of rabies virus (RV), a member of the lyssavirinae genera of the rhabdoviradae family, also showed low-pH-triggered conformational changes that were reversible (Gaudin, 2000; Gaudin et al., 1991 Gaudin et al., , 1993 Gaudin et al., , 1999 . Studies from our laboratory and others have shown that the fusion domain of VSV G is located internally (residues 116 -137). However, unlike the fusion peptides present in other viral fusion proteins it is not hydrophobic (Durrer et al., 1995; Fredericksen and Whitt, 1995; Zhang and Ghosh, 1994) . It was further shown that the low-pH-mediated insertion of the fusion domain of VSV G in the target membrane is reversible (Pak et al., 1997) . Studies from our laboratory showed that a region located between residues 390 to 418 of VSV G protein played a role in the control of the low-pH-induced conformational change (Shokralla et al., 1998 (Shokralla et al., ,1999 . A similar region in the RV G protein controlling the low-pH-induced conformational change was also identified (Gaudin et al., 1996) . It appears, therefore, that the fusion process involving VSV G protein is similar to rabies virus G but is distinct from the mechanism used by the class I and class II viral fusion proteins and new insights may emerge from studying G protein-mediated membrane fusion. The objective of the present study is to examine the possibility that the native (prefusogenic) conformation can be induced to change to the fusogenic conformation not only by low pH but also by destabilizing agents, such as heat or urea. The results show that the thermal stabilities of the native nonfusogenic and fusogenic G proteins, as monitored by intrinsic tryptophan fluorescence and CD analyses, did not differ markedly. It was further shown that at neutral pH neither heat nor urea treatment could trigger membrane fusion or induce conformational change(s) required for fusion.
Results
Recent structural studies of a number of virus membrane fusion proteins as well as cellular fusion proteins involved in neurotransmitter release and intracellular vesicle transport suggest a common mechanism of protein-mediated membrane fusion. The presence of a coiled-coil motif and the formation of a rod shaped ␣-helical bundle of the ectodomain of the fusion protein containing the membraneinserted sequences at one end of the rod is believed to be involved in fusion of two membranes Weissenhorn et al., 1999) . Coiled-coil sequences generally contain hydrophobic and hydrophillic amino acids in a repeating heptad pattern (the 4 -3 hydrophobic repeat) (Lupas et al., 1991) . Examination of the primary sequence of a number of viral fusion proteins suggested the presence of heptad repeat sequence adjacent to putative fusion domains (Chambers et al., 1990) . Earlier, we reported that analysis of VSV G protein sequence by the algorithm of Lupas et al. (1991) failed to identify the presence of any predicted coiled-coil motif (Zhang and Ghosh, 1994) . The availability of a number of newer algorithms predicting the probability of coiled-coil formation, such as COILS (Lupas, 1996) , PairCoil (Berger et al., 1995) , MultiCoil (Wolf et al., 1997) , and LearnCoil-VMF (Singh et al., 1999) , prompted us to reexamine the VSV G sequence to identify probable coiled-coil motifs. None of the algorithms predicted any coiled-coil regions in G protein. In the case of the COILS program, the G protein was analyzed by changing three separate variables: the scoring matrix (MTIDK vs MTK); the window size of 14, 21, or 28 residues; and the weighting of the a and d amino acids residues (1.0 vs 2.5). The validity of prediction of all of the programs used was checked by analyzing viral fusion proteins, such as HA of influenza virus (Concannon et al., 1984) , gp160 of HIV-1 (Douglas et al., 1997) , F protein of New Castle disease virus (Sakaguchi et al., 1989) , and GP64 of baculovirus (Ayres et al., 1994) , all of which showed the presence of coiled-coil regions. Taken together, the computational data confirm our previous suggestion that VSV G does not contain a predicted coiled-coil sequence. Previously, Coll (1995b) predicted two regions containing heptad repeat units to be present in the ectodomain of G glycoproteins of a number of rhabdoviruses. However, our analyses failed to identify any of these predicted regions. A possible reason or this discrepancy could be the algorithm used by Coll (1995b) .
The fact that fusion activation of VSV G protein is not dependent on the proteolytic cleavage of a precursor further suggested that the mechanism of conversion of the G protein to the fusion-active state may be different from those of the fusion proteins belonging to the influenza HA prototype. It was earlier shown that the nonfusogenic form of influenza HA2 is in a metastable condition such that the low-pHinduced conversion to the fusogenic state can be substituted by perturbants such as heat or urea (Carr et al., 1997) . It was also suggested that fusion proteins that use the coiled-coilbased fusion mechanism are metastable under nonfusogenic conditions (Carr et al., 1997) . Induction of fusion at elevated temperature was also reported for paramyxoviruses, Sendaivirus, and SV5 (Paterson et al., 2000; Wharton et al., 2000) . We, therefore, decided to examine if the G protein shows altered thermostability under fusogenic conditions or if destablizing agents such as heat or urea could induce conformational change(s) in VSV G protein, leading to virus-induced membrane fusion at neutral pH.
Thermostability of G protein at neutral and acid pH
To examine the thermostability of the G protein under nonfusogenic (neutral pH) and fusogenic (acid pH) conditions, we measured the thermally induced changes in (a) intrinsic Trp fluorescence as a function of pH as well as (b) changes in secondary structures of the G protein at neutral or acid pH by monitoring the changes in the mean residue ellipticity at 222 nm.
In the nonfusogenic state at pH 7.4, the fluorescence spectra represents the hydrophobic environment of the 10 Trp residues, all present in the ectodomain of the G protein.
Acidification of the G protein results in the exposure of these Trp residues that can be observed as a decrease in the intrinsic Trp fluorescence. Temperature-induced changes in the intrinsic Trp fluorescence of G protein at pH 7.4 and 5.4 Fig. 1 . Thermal stability of VSV G protein at neutral and acid pH. G protein was isolated from VSV Indiana by extraction of the virions with octylglucoside as described earlier (Kotwal et al., 1983) . (A) Thermal stabilities of the G protein at pH 7.4 and 5.4 were monitored by measuring intrinsic Trp fluorescence. Samples of G protein were adjusted to pH 7.4 or 5.4 and incubated at room temperature for 15 min before starting the fluorescence measurements. At each temperature the fluorescence intensity relative to the signal at 25°C is shown. The thermal stability profiles of NATA at pH 7.4 and 5.4 are shown as insets. (B) Thermal denaturation and renaturation curves of the G protein at pH 7.4 and 5.4. Samples of G protein at pH 7.4 or 5.4 were heated gradually from 25 to 95°C. Renaturation of the G protein was monitored by cooling the samples from 95 to 25°C at a programmed rate of 0.5°C/min. The curves were obtained by monitoring the CD signal at 222 nm. The curves are representative of two independent experiments. Representative spectra at 25°C of G protein at pH 7.4 or pH 5.6 are shown as insets.
are shown in Fig. 1A . The melting profiles of G protein at pH 7.4 and 5.4 appear to be identical, and the increase in the temperature from 25 to 80°C resulted in a continuous decrease in Trp fluorescence (Fig. 1A) . The melting profiles were similar to the temperature-dependent fluorescence decrease exhibited by N-acetyl-L-tryptophanamide (NATA) at the corresponding pH. No changes were observed in the emission maximum of 330 nm at both pH.
Perturbations in the secondary structure of G protein was also measured for both the nonfusogenic (pH 7.4) and the fusogenic (pH 5.4) conformations of G protein by determining the mean residue molar ellipticity at 222 nm. Results presented in Fig. 1B show that at both pH 7.4 and pH 5.4 G proteins show similar thermal stability with gradual changes in the ellipticity with increasing temperature. No changes in the molar ellipticity were, however, observed when samples of G protein heated to 95°C at acid or neutral pH were gradually cooled to 25°C. Thus, the conformational changes induced by heating G protein at neutral or acid pH were irreversible. The far-UV CD spectra were analyzed for secondary structures by a method based on neural network theory (Bohm et al., 1992) . The results showed changes in secondary structure induced by lowering the pH to 5.6 at 25°C. Changes in secondary structures were also observed Fig. 1 (continued) after heating the G protein at either neutral or acid pH. The percentage of ␤-structure was significantly increased after heating to 95°C at pH 7.4 or 5.6. Taken together, the results of intrinsic Trp fluorescence and secondary structure analyses of G protein at neutral and acid pH indicate no significant difference in thermal stability.
Effect of heat or urea treatment on VSV-induced membrane fusion
Previously VSV was shown to induce fusion of liposomes containing the phospholipid PS (Yamada and Ohnishi, 1986; Pal et al., 1988; Puri et al., 1992; Carneiro et al., 2001 ). We used a fluorescent lipid-mixing assay that measures the change in resonance energy transfer in the liposomes as a result of virus-induced membrane fusion (Struck et al., 1981) . This fluorescent lipid-mixing assay has been extensively used to monitor fusion of viruses with membranes (Carr et al., 1997; Gaudin et al., 1991 Gaudin et al., , 1993 . We used SUVs containing PC, PE, PS, and cholesterol in a molar ratio of 1:0.5:0.5:1 and the fluorescent lipids NBD-PE and RHO-PE. In agreement with previous reports, the fusion of liposomes by VSV required low pH, with a threshold of fusion at pH 6.4 (Fig. 2) . Fusion of liposomes at pH 5.6 or 5.0 was very fast and was almost complete within 60 s. No fusion of liposomes at pH 7.4 was observed even after 30 min.
To investigate whether the denaturant urea could induce fusion of VSV with membranes at neutral pH, fusion of the liposomes at pH 7.4 in the absence or in the presence of urea was monitored. The presence of 3, 4, or 5 M urea did not trigger a significant level of fusion at pH 7.4 (Fig. 3) . No further increase in the extent of fusion at pH 7.4 was observed when the experiment was continued for 30 min. Control experiments showed a similar small increase in fluorescence at pH 7.4 in the absence of any virus but in the presence of urea, indicating that the low level of fusion at pH 7.4 observed in the presence of urea could be due to nonspecific effects of urea (data not presented). The presence of urea, however, did not affect fusion at pH 5.0 except that the extent of fusion in the presence of urea was reduced, possibly due to general disruption of structure of G protein (Fig. 3) . Treatment of VSV at pH 5.0 with 3 M urea for 1 h led to complete loss of fusion activity (data not shown).
To test triggering of fusion at the neutral pH by heat, liposomes were mixed with VSV and incubated at 37, 55, 58, or 60°C and the changes in the fluorescence were measured. As shown in Fig. 4 ; a very small increase in fusion was observed at pH 7.4. In contrast, significant fusion of liposomes at pH 5.0 was observed at 37, 55, 58, or 60°C (Fig. 4) . The extent of fusion at elevated temperatures were reduced as compared to that at 37°C, possibly due to general disruption of the structure of the G protein. No further increase in the extent of fusion at pH 7.4 was observed when the experiment was continued for 30 min. As in the case of urea, control experiments in the absence of any VSV showed a similar small increase in fusion at pH 7.4 at 55, 58, or 60°C, suggesting that the low level of fusion observed after heat treatment may be due to a nonspecific increase in fluorescence (data not shown). Assays of virus infectivity showed that preincubation of VSV at 55°C for 10 min resulted into 99% loss in the plaque-forming activity. However, complete loss of liposome fusion activity of VSV at pH 5.0 was observed after preincubation at 55°C for 60 min (data not shown). 
Effect of urea or heat on trypsin sensitivity of VSV G protein
A biochemical proteolysis assay has been used to monitor the low-pH-induced conformational changes in VSV G protein (Fredericksen and Whitt, 1996; Shokralla et al., 1998) , HA of influenza virus (Carr et al., 1997; Skehel et al., 1982 Skehel et al., , 1995 , G protein of the rabies virus (Gaudin et al., 1991 (Gaudin et al., , 1993 , and E1 protein of SFV (Kielian and Helenius, 1985; Gibbons et al., 2000) . In the presence of detergents VSV G protein was fully digested with trypsin at pH 7.4, but resistant to trypsin at acid pH (Fredericksen and Whitt, 1996; Shokralla et al., 1998 Shokralla et al., , 1999 . This altered proteolytic sensitivity was, therefore, used to monitor the change in conformation of G protein induced by urea or heat treatment at neutral pH. Samples of VSV were preincubated at 37°C at pH 7.4, 6.4, 5.6, or 5.0, digested with trypsin at the indicated pH at 37°C for various times, and analyzed by SDS-PAGE (Fig. 5) . At neutral pH the G protein is fully digested by trypsin. In contrast, G protein is resistant to trypsin digestion at pH 6.4, 5.6, or 5.0. Addition of SDS to the samples at acidic pH showed complete digestion of G protein, indicating that the observed resistance of G protein to trypsin disgestion at acidic pH was not due to lack of activity of trypsin at low pH. It may be noted that both L and M proteins are cleaved by trypsin due to the presence of Triton in the assay mixture while the N protein present as a nucleocapsid complex is resistant to the proteolytic digestion.
Studies with the soluble ectodomain of G protein showed that exposure to acidic pH triggers a conformational change which is reversible (Crimmins et al., 1983) . The activation of fusion by VSV and insertion of G protein into liposomes were also shown to be reversible (Puri et al., 1988; Blumenthal et al., 1987; Pak et al., 1997; Gaudin, 2000) . To test if the conformational change monitored by protease sensitivity is also reversible, samples of VSV preincubated at pH 5.6 were neutralized to pH 7.5 and digested with trypsin. Results presented in Fig. 5C show that G protein becomes sensitive to digestion by trypsin upon neutralization of pH 7.5. Conversely, G protein preincubated at pH 7.5 upon acidification to pH 5.6 becomes fully resistant to tryptic digestion (Fig. 5D) . These results show that conformational change of VSV G protein as monitored by trypsin digestion is also fully reversible. Thus, it should be noted that it is not possible to incubate VSV with trypsin at neutral pH after a pretreatment in acidic pH, because reneutralization would result into recovery of the native conformation.
Earlier we showed that denaturants, such as urea or heat, failed to induce fusion activity of G protein at neutral pH. The lack of fusion activity of G protein at neutral pH in the presence of destabilizing agents could be due to the fact that the acid-induced conformational change could not be induced at neutral pH in the presence of urea or by heat. The effect of urea or heat on the conformational change in G protein was, therefore, evaluated by using the protease sensitivity assay. Exposure of VSV, at neutral pH, to either urea (3 or 5 M) or heat (55 or 60°C) did not change the proteolytic sensitivity of G protein.
In all of these cases, similar to the untreated sample at pH 7.4, G protein was completely digested (Figs. 6A and B) . Control experiments show that at acid pH, in the presence of urea or after heating, G protein is still resistant to proteolysis (Figs. 6C and D). Our results indicated that the low-pH-induced conformational change of G protein could not be induced by urea or heat at neutral pH.
In an effort to show that the denaturants, urea or heat, could destabilize the native structure of G protein, we digested VSV at neutral pH at either 0 or 37°C. As reported earlier, native G protein was fully sensitive to trypsin at 37°C. In contrast, at 0°C native G protein was resistant to tryptic digestion. M protein present in the reaction mixture was, however, digested by trypsin at 0°C either in the absence or in the presence of SDS, showing that trypsin was active (Fig. 7) . This difference in protease sensitivity was used to demonstrate conformational change of native G protein following urea or heat treatment. Pretreatment of G protein with 5 M urea or heating at 60°C for either 15 or 60 min followed by digestion with trypsin at 0 or 37°C showed that the G protein exposed to 5 M urea or heat at neutral pH was completely digested by trypsin at 0°C, indicating that the denaturants do destabilize the native structure of the G protein (Fig. 7) . Similar destabilization of the native spike proteins of SFV by treatment with urea or heat at neutral pH was also observed (Gibbons, et al., 2000) . As in the case of G protein, the untreated spike proteins of SFV were resistant to trypsin digestion at 0°C but the urea-and heat-treated spike proteins were very sensitive to trypsin at 0°C.
Discussion
The results presented in this report show that the mechanism of VSV G protein-mediated acid-pH-induced membrane fusion is different from that used by two well-studied classes of viral glycoproteins, class I viral glycoproteins exemplified by the fusion proteins of influenza, HIV, SIV, MLV, Ebola, and SV5 viruses Weissenhorn et al., 1999) , and the class II fusion proteins of SFV and TBE virus (Gibbons et al., 2000; Lescar et al., 2001; Stiasny et al., 2001) . Class I fusion proteins use ␣-helical coiled-coil motif-based structures for fusion and contain hydrophobic fusion peptides at or near the N-terminus. Most of the class I fusion proteins are generated by proteolytic cleavage of a precursor. Class II fusion proteins are not proteolytically cleaved and do not contain the predictable coiled-coil motif, and the fusion peptide is internal. In both of the cases, the conformational change induced during activation from nonfusogenic to the fusogenic form is irreversible (Carr et al., 1997; Lescar et al., 2001; Stiasny et al., 2001) . Rhabdoviral fusion protein G is not proteolytically cleaved from a precursor, contains an internal nonhydrohobic fusion peptide, and lacks a predictable coiledcoil motif, and the conformational change triggered by low pH during fusion activation is fully reversible, suggesting that viruses belonging to this family may use a fusion mechanism functionally distinct (Class III) from the other two types (Gaudin, 2000) .
Trp fluorescence-melting profiles of the G protein at neutral and acidic pH indicated that the nonfusogenic and fusogenic forms of the G protein do not differ in their thermal stabilities. In contrast, marked change in the Trp fluorescence-melting profile of influenza BHA or HA at neutral and acidic pH was reported (Ruigrok et al., 1986; Remeta et al., 2002) . In the case of the E protein of TBEV, marked difference in the thermal profile of Trp fluorescence between the native and the low-pH form of the E protein was observed, suggesting that acidic pH induces a change to more thermally stable form (Stiasny et al., 2001) . Thermal denaturation of the G protein at neutral and acidic pH, as monitored by CD, also showed small changes in the molar ellipticity. However, the thermal denaturation was irreversible at either pH. In the case of BHA a marked difference in the thermal denaturation profile monitored by CD at neutral and acidic pH was observed (Ruigrok et al., 1986) . At neutral pH CD intensities decreased as a single transition at a denaturation temperature of 63°C. At pH 5, however, only small reversible changes in ellipticity were observed at temperatures above 80°C. Biochemical studies based on protease sensitivity of the G protein at neutral and acidic conditions showed that the native protein is less stable to protease digestion than the low-pH form. SFV fusion proteins also showed increase stability to protease digestion in the low-pH-induced state (Kielian and Helenius, 1985) . In contrast, the native forms of influenza virus HA (Carr et al., 1997; Skehel et al., 1982) and rabies virus G protein (Gaudin et al., 1991 (Gaudin et al., , 1993 were more stable to protease digestion than the fusogenic form. The observed differential sensitivities of the native and the fusogenic forms of viral fusion proteins may, therefore, not be due to metastability of the native form but due to conformational changes affecting the accessibility of the protease. The fact that denaturants such as urea or heat failed to activate fusion at neutral pH further suggests that the G protein may not be in a conformation at neutral pH that can be converted into a fusion active state by denaturants. In contrast, HA-induced membrane fusion at neutral pH could be triggered by urea or high-temperature treatments. The inability of denaturants to induce fusion of membranes by VSV G protein is also in accord with the fact that activation of rhabdorvirual fusion proteins by acid pH is reversible. Results presented here further show that conformational changes induced by acidic pH as monitored by protease sensitivity are also reversible. Similar reversibility of the sensitivity to protease digestion of rabies virus G protein was also reported by Gaudin et al. (1991) . In fact, not only the conformational changes but also the insertion of VSV G protein into the target membrane was shown to be reversible (Pak et al., 1997) . In the case of the fusion protein E1 of SFV, the presence of urea or heat similarly failed to induce fusion at neutral pH (Gibbons et al., 2001 ). The fusion protein E of TBEV also could not be converted to the fusogenic form at neutral pH by heating (Stiasny et al., 2001) . Thus, the acid-induced change(s) in conformation of the fusion proteins of VSV, SFV, or TBE viruses cannot be triggered at neutral pH by destabilization with denaturants or with heat. These observations, along with the reversibility of the pH effects, indicate that there is no kinetically trapped high-energy state of the VSV G protein at neutral pH.
Our results further show that destabilizing agents such as urea or heat failed to induce conformational change, as detected by trypsin sensitivity, of VSV G at 37°C. However, urea or heat affected the structural integrity of native G protein as shown by the altered trypsin sensitivity at 0°C. In the case of SFV E1, denaturants such as heat or urea also could not induce any homotrimer formation or membrane fusion by the native fusion protein. However, heat or urea induced major structural changes in the native structure of E1 protein as measured by increased trypsin sensitivity at 0°C. Also pretreatment of SFV or soluble E1 protein with urea failed to trigger E1 homotrimer formation at acid pH but E1 homotrimers formed in acid pH were stable to urea or heat (Gibbons et al., 2000) . The fusion protein E of TBE virus is irreversibly converted by acidic pH to a homotrimeric form which is more thermostable than the native dimer. The transition from the native to the fusogenic state was triggered only by low pH. Similar to SFV E1, heat treatment of the native E protein of TBE virus also failed to induce fusion activity or homotrimer formation (Stiasny et al., 2001) . Structural changes induced by low pH in these class II fusion proteins could not be substituted by simply destabilizing the protein structure with denaturants as observed in the case of influenza HA (Carr et al., 1997) . Thus, the structural change(s) required for fusion activation by low pH of VSV G, SFV E1, and TBEV E fusion proteins differs from that used by the class I fusion proteins. Such a conclusion is in agreement with the finding that none of these three fusion proteins contain sequences predicted to form an ␣-helical coiled-coil structure used by class I fusion proteins (Gibbons et al., 2000; Stiasny et al., 2001 ). X-ray structure analyses further showed that the structural arrangements of the class II fusion proteins, TBE virus E (Rey et al., 1995) and SFV E1 (Lescar et al., 2001) , differed strikingly from those of the class I fusion protein, influenza HA (Wilson et al., 1981; Bullough et al., 1994) .
Most viral fusion proteins studied form trimers; however, in the case of VSV the trimer structure is more stable at low pH. At neutral pH the trimer is in a dynamic equilibrium with the monomer, both in vitro and in vivo, and increased acidity stabilizes the trimeric form (Doms et al., 1987; Lyles et al., 1990; Zagouras and Rose, 1993) . Trimerization was also shown to be reversible and the pH dependence of the oligomerization of G protein was correlated to the reversible conformational change triggered by low-pH activation of fusion (Doms et al., 1987) . The reversibility of the trypsin sensitivity of VSV G protein reported here demonstrate that conformational change induced by low pH is also reversible. It may be noted that heating to 95°C at neutral or acid pH resulted into irreversible structural changes of VSV G protein. Results of analyses of the far-UV CD spectra showed that changes in secondary structure of VSV G protein induced by low pH differed from the secondary structure changes observed due to heating at neutral or acid pH. Thus exposure to acid pH shows a decrease in the ␤-structure content of VSV G protein while heating resulted into a marked increase in ␤-structure.
A three-state model for VSV G protein based on kinetics of fusion and photosensitized labeling (Clague et al., 1990; Puri et al., 1988; 1992; Pak et al., 1997 ) was formulated to relate the different stages of conformational changes occurring during viral fusion. Studies with rabies virus using a number of biochemical, biophysical, immunological, and electron microscopic data (Gaudin, 2000; Gaudin et al., 1991; also suggested the involvement of three different states of RV G protein during low-pH-induced fusion process. At neutral pH G protein is in a "native" ("tense") state. At slightly acidic pH the G protein in the "native" state is transformed to an "activated" ("relaxed") state, which is fusion competent. A second step of protonation is necessary for fusion to occur. It is possible that a conformational change, not yet identified, occurs when the fusion-competent G protein interacts with the target membrane via the fusion peptide. Finally, the "fusion" state is reached and fusion between the two membranes proceeds. Prolonged exposure to acid pH, however, induces conformational changes in the G protein leading to an "inactive" ("desensitized") state. The fact that the conformational change in the G protein is reversible also suggests that the different states are in a pH-dependent equilibrium. Formation of a fusion complex containing multiple trimers of the fusion protein is generally believed to be an intermediate step in membrane fusion. In the case of VSV G, it was shown by using radiation-inactivation that about 5 trimers of G are required to form a fusion complex (Bundo-Morita et al., 1988) . Recent studies with rabies virus glycoprotein G showed the existence of a pH-dependent thermodynamic equilibrium between the different states of G and the requirement of a large number of trimers of G for stable interaction with the target membrane (Roche and Gaudin, 2002) . The reversibility of the conformational change involved in rhabdovirus fusion further suggests that the energy barrier between the native and the fusogenic glycoprotein may be smaller compared to the class I and II fusion protein. A large fusion complex of G protein could overcome the small energy barrier existing between the nonfusogenic and the fusogenic forms. Thus, the fusion of membranes by the rhabdorivus fusion protein may be driven by the conformational change(s) induced by acidic pH by a mechanism distinct from that used by class I or class II fusion proteins. Elucidation of the 3-D structure of a rhabdovirus fusion glycoprotein will facilitate our understanding of mechanism of membrane fusion by class III fusion proteins.
Materials and methods

Virus, cells, and antibodies
BHK-21 cells were cultured at 37°C in Delbucco's modified Eagle medium containing 5% fetal calf serum, 100 U penicillin/ml, 100 g streptomycin/ml. The VSV used in these experiments was a well-characterized, plaque-purified isolate of Indiana serotype (Kotwal et al., 1983) . Virus grown in BHK-21 cells was purified through two consecutive discontinuous sucrose gradients (Kotwal et al., 1983) . A polyclonal rabbit anti-G antibody raised in our laboratory was used for detection of G protein by immunoblot analysis. Gel electrophoresis of the G protein was performed as described previously (Li et al., 1993) . -(7-nitro-2,1,3-benzoxa-diazol-4-yl) phosphatidylethanolamine (NBD-PE), phosphatidylcholine (PC; bovine brain), phosphatidylethanolamine (PE; bovine brain), and phosphatidylserine (PS; bovine brain) were purchased from Avanti Polar Lipids, Inc. Cholesterol was supplied by Sigma-Aldrich. The lipids, PC, PE, PS and cholesterol, dissolved in chloroform, were mixed at a molar ratio of 1:0.5:0.5:1, respectively, and dried under N 2 to form a film. The resulting lipid films were further dried under vacuo. The lipid film was suspended in 1 ml of buffer A (10 mM Hepes, pH 7.4, 145 mM NaCl), vortexed, frozen in liquid N 2 , thawed under tap water, and vortexed again. The freeze-thaw-vortex steps were repeated 3 times. The mixture was sonicated in a bath-sonicator in ice water until a transparent solution containing small unilamellar vesicles (SUV) was obtained. Liposomes were stored on ice and used the same day. The labeled liposomes contained in addition 1 mol% each of RHO-PE and NBD-PE.
Lipid-mixing assay for membrane fusion
The resonance energy transfer assay of Struck et al. (1981) was used to monitor membrane fusion. Fluorescence was recorded at excitation and emission wavelengths of 465 and 530 nm, respectively, using a 490-nm cutoff filter located between the cuvette and the emission monochromator, on either a SLM Aminco Bowman AB-2 spectrofluorimeter or a Perkin-Elmer LS fluorescence spectrophotometer. Each assay mixture contained 2 ml of buffer A containing liposomes and virus at the indicated pH in a siliconized glass cuvette with continuous stirring in a thermostated cuvette holder. The initial fluorescence intensity, F 0 , was taken as zero. The maximum fluorescence, F max , was obtained by dilution of the labeled lipids in the presence of 0.1% Triton X-100. Percentage lipid mixing at time t is given by [(F t Ϫ F 0 )/(F max Ϫ F 0 )]100. In a typical assay SUV at a lipid concentration of 150 M was added to 2 ml of buffer A in the cuvette at 37°C and then virus (50 g protein) was added. After recording the fluorescence at pH 7.4, the pH in the cuvette was lowered by addition of predetermined amounts of 0.1 M citric acid. After recording the fluorescence for several minutes, 10% Triton X-100 was added to a final concentration of 0.1% to induce complete loss of fluorescence resonance energy transfer (FRET). Fusion of lipsomes by VSV at neutral pH under destabilization conditions in the presence of urea or heat was measured as follows: liposomes were added to buffer A (pH 7.4) containing 3, 4, or 5 M urea and the mixture was incubated at 37°C. VSV (50 g) was added and the fluorescence was recorded at pH 7.4. After several minutes the pH of the sample was lowered to 5.0 by addition of 0.1 M citric acid. After recording the fluorescence for several minutes Triton X-100 was added to a final concentration of 0.1%. Virus preincubated at 3.75 M urea for 1 h at 37°C before addition to the vesicles showed no fusion activity at either pH 7.4 or pH 5.0. For heat-induced fusion experiments, liposomes in buffer A were incubated at 37, 55, 58, or 60°C. Virus (50 g) was added and fluorescence was recorded at the indicated temperature at pH 7.4. After several minutes the pH of the sample was lowered to 5.0 by addition of 0.1 M citric acid. After recording the fluorescence for several minutes Triton X-100 was added to 0.1% to obtain complete loss of FRET.
Proteolysis assay for the conformation change
Conformational change at low pH of VSV G was monitored by measuring the proteolytic resistance of the glycoprotein at the pH of fusion as described earlier (Odell et al., 1997) . In the presence of detergent VSV G protein becomes increasingly resistant to digestion with trypsin as the pH is lowered from 7.4. VSV samples were preincubated at 37°C for 10 min in buffers containing 20 mM Mes, 30 mM Tris, 200 mM NaCl, and 1% Triton X100 at pH 7.4 -5.0 and then digested with trypsin (TPCK treated, Worthington) at a ratio of VSV:trypsin of 25:1 for 0, 20, 30, or 120 min at 37°C. The reaction was stopped by adding 10 U of aprotinin and then heated with sample buffer at 100°C for 3 min. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were visualized by either Coomassie brilliant blue staining or by immunoblotting using a polyclonal anti-G antiserum. For measuring protease resistance in the presence of urea, the digestion mixture was adjusted with neutralized urea solution to a final concentration of 3 or 5 M and incubated at 37°C for 10, 30, or 120 min at pH 7.4. Heat-induced conformational change was determined by incubating samples at 55 or 60°C for 10, 30, or 120 min at pH 7.4. The preincubated samples were then digested with trypsin for 30 min at 37°C.
Computational analyses of G protein sequence for coiled-coil prediction
VSV Indiana G protein sequence (Rose and Gallione, 1981) was analyzed for probability of forming ␣-helical coiled-coil structures using four different programs. Coils (Lupas et al., 1991; Lupas, 1996 ; www.ch.embnet.org/ software/COILS_form.html), Paircoil (Berger et al., 1995;  nightingale.lcs.mit.edu/cgi-bin/score), Multicoil (Wolf et al. 1997 ; nightingale.lcs.mit.edu/cgi-bin/multicoil), and LearnCoil-VMF (Singh et al. 1999 ; web.wi.mit.edu/kim) programs were used by submitting sequences to a World Wide Web server hosting the programs. Different cutoff values were used in searching for coiled-coil regions.
Fluorescence spectroscopy
Isothermal and temperature-dependent fluorescence spectra were acquired on a SLM Aminco Bowman AB-2 spectrofluorimeter equipped with a programmable thermoelectrically controlled bath with circulating fluid pumped into a jacketed sample cell compartment. Fluorescence spectra were recorded at 300 -500 nm employing an excitation wavelength of 285 nm in quartz cells. Temperaturedependent changes in intrinsic Trp fluorescence as a function of pH were measured by heating the samples at a programmed rate of 1°C per min over the range of 25-80°C. The fluorescence emission intensity at 340 nm was recorded at 0.1°C intervals.
Circular dichroism spectroscopy
The CD spectra were recorded using a AVIV Model 215 instrument equipped with a programmable thermoelectrically controlled sample compartment. The thermal stability of the G protein secondary structure was measured by heating samples at a programmed rate of 0.5°C/min. The mean residue ellipticity at 222 nm was recorded at 0.1°C intervals, in quartz cells. Estimation of secondary structure from far-UV CD spectra was done using a method based on neutral network theory (Bohm et al., 1992) .
